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Summary
Background: Many organisms, from bacteria to human
hunter-gatherers, use specialized random walk strategies to
explore their environment. Such behaviors are an efficient
stratagem for sampling the environment and usually consist
of an alternation between straight runs and turns that redirect
these runs. Drosophila larvae execute an exploratory routine
of this kind that consists of sequences of straight crawls,
pauses, turns, and redirected crawls. Central pattern gener-
ating networks underlying rhythmic movements are distrib-
uted along the anteroposterior axis of the nervous system.
The way in which the operation of these networks is incorpo-
rated into extended behavioral routines such as substrate
exploration has not yet been explored. In particular, the part
played by the brain in dictating the sequence of movements
required is unknown.
Results: We report the use of a genetic method to block
synaptic activity acutely in the brain and subesophageal
ganglia (SOG) of larvae during active exploratory behavior.
We show that the brain and SOG are not required for the
normal performance of an exploratory routine. Alternation
between crawls and turns is an intrinsic property of the
abdominal and/or thoracic networks. The brain modifies this
autonomous routine during goal-directed movements such
as those of chemotaxis. Nonetheless, light avoidance behavior
can be mediated in the absence of brain activity solely by the
sensorimotor system of the abdomen and thorax.
Conclusions: The sequence of movements for substrate
exploration is an autonomous capacity of the thoracic and
abdominal nervous system. The brain modulates this explor-
atory routine in response to environmental cues.
Introduction
In many organisms, the rhythmic movements of locomotion
are incorporated into extended behavioral routines that
facilitate the exploration of an environment. Often these
exploratory routines constitute some form of random walk,
in which straight line movement alternates with redirection
and the acquisition of a new trajectory [1–6]. Behavioral
sequences of this kind are an effective stratagem for the
complete exploration of an environment for an available food
source [7].3Present address: Janelia Farm Research Campus, Howard Hughes
Medical Institute, Ashburn, VA 20147, USA
*Correspondence: jb672@cam.ac.ukAt hatching, Drosophila larvae execute a search routine of
this kind [8, 9]. It consists of two characteristic components:
the repeated wave-like contractions of the body wall, which
allow the larvae to crawl over the substrate [10], and a pause
followed by a unilateral backward contraction of anterior
segments, which, on the resumption of forward crawling, redi-
rects the larva on a new trajectory. We have set out to investi-
gate the organization of the neural networks that underlie this
exploratory behavior.
In vertebrates and invertebrates like Drosophila, central
pattern-generating networks that underlie the performance
of rhythmic movements such as chewing, walking, and flying
are distributed along the anterior posterior axis of the nervous
system coinciding with the arrangement of the muscles and
effectors (such as mouthparts and limbs) on which they oper-
ate [11, 12]. Thus it is likely (although this has been disputed
[13]) that the central pattern generators required for larval
locomotion are confined to the thoracic and abdominal
segments of the nervous system, which innervate the muscles
required for crawling. However, the way in which the operation
of these networks is incorporated into extended behavioral
routines such as substrate exploration has not yet been
explored. In particular, the part played by the brain in dictating
the sequence of movements required is unknown.
Here we report the use of a genetic method that allows the
activity of the brain and suboesophageal ganglia (SOG) to be
manipulated acutely in living animals during an ongoing
behavioral sequence. We show that the brain and anterior
segments of the nerve cord are not required for the normal
performance of an exploratory routine. Substrate exploration
through a random walk is an autonomous capacity of the
thoracic and abdominal nervous system. Furthermore,
although the brain is required for properly oriented chemo-
tactic movements, light avoidance behavior can be mediated
in the absence of brain activity solely by the sensorimotor
system of the abdomen and thorax.
Results
The Brain and Subesophageal Segments of the Nervous
System Are Not Required for Peristaltic Locomotion
Drosophila larvaemove over the substrate by peristaltic crawl-
ing. In forward movement, a wave of muscle contractions
passes along the body segments from posterior to anterior
(Figure 2A) [9, 10]. Larvae usually move forward but may briefly
move backward in response to sensory input from the head. In
backward movement, the wave of contractions is reversed
and passes from anterior to posterior. It is likely that the
neuronal circuits that orchestrate repeatedwaves of peristaltic
contractions in crawling larvae are located in the thoracic and
abdominal segments of the nervous system but the role of
more anterior segments including the brain is less clear. It
has been reported that the brain may be required either to
trigger [13] or to maintain [14] the rhythmically repeated move-
ments of larval crawling.
To resolve this question, we generated a line of flies (BL) with
a combination of Gal4 drivers and repressors that targets
expression specifically to the brain and suboesophageal
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Figure 1. Driver Lines to Manipulate the Activity of Distinct Regions of the Nervous System
(A–C) Expression patterns of the driver lines in the CNS of early third-instar larvae were assessed with UAS-mCD8-GFP and immunostaining with anti-GFP
and anti-SCR antibodies. SCR labels the most posterior (labial) segment of the subesophageal ganglion. (A) The panneural driver line elav-Gal4. (B) The
nerve cord (NC) driver line tsh-GAL4. (C) A driver line for the brain lobes, SOG, and descending neurons, called BL-Gal4, was generated by the combination
of elav-Gal4with twoGal80 repressor lines, one expressed in theNC, tsh-GAL80, and one in sensory neurons, cha3.3-GAL80. GFP expression is restricted to
neurons located in the brain lobes and SOG. Descending fibers are labeled (arrow). A few scatteredmotorneurons in abdominal segments as well as a group
of neurons in abdominal segment 9 (A9) are labeled (arrow head).
(D) GFP expression in a whole larva. Upper panel shows that most sensory neurons are excluded from the BL expression pattern. A group of neurons in A9
send processes to the anal plate (arrow head). Lower panel shows that a few anterior sensory neurons are seen in the BL expression pattern. These include
a pair of multidendritic neurons (arrow head) and the Bolwig organs (arrow).
(E–G) Double staining with FasII to assess the positioning of the descending fibers. (E) Projection of whole CNS. (F) Inset from e showing descending fibers
(arrows) and a fewmotoneurons (arrow heads). (G) Transverse view of inset from (F). The upper panel shows the FasII positive tracts, marked with a dashed
line, as well as BL descending fibers. The lower panel shows that the BL neurons descend in the DL, DM, and VM tracts.
(H–J) Images showing boundaries of the driver lines. (H) Upper and lower panels show BL > st-RFP; RFP expression is confined to the brain lobes and SOG.
Anti-SCRmarks posterior boundary of expression. (I) elav > st-RFP. Expression levels in the brain were similar in the panneural andBL lines. (J) NC > st-RFP.
Expression is confined to the region posterior to the SOGmarked by anti-SCR. An average of 9 elav-Gal4, 18 BL-Gal4, and 9 NC-Gal4 animals was analyzed
for each panel.
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1862ganglia as well as neurons whose axons descend posteriorly
from these regions (Figure 1C). We used antibody staining to
confirm that expression in the central nervous system (CNS)
was confined to cells of the brain and SOG and that posteriorly
it did not extend beyond the domain of Sex Combs Reduced
(SCR) (Figures 1C and 1H). SCR is a Hox gene whose expres-
sion marks the labial segment of the CNS and hence defines
the posterior boundary of the SOG [15]. No thoracic or abdom-
inal sensory neurons are labeled (Figure 1D) and expression in
descending axons is limited to threemain pathways that corre-
spond to the Fasciclin II-positive dorsolateral (DL), dorsome-
dial (DM), and ventromedial (VM) tracts (Figures 1E–1G) [16].
For comparison, we used the teashirt Gal4 driver (tsh-Gal4),
whose expression pattern is complementary, namely exclu-
sively in the cells of the thoracic and abdominal nervous
system (Figures 1B and 1J) [17]. We refer to this line as NC.
We used the BL and NC driver lines to express a dominant-
negative temperature-sensitive form of Shibire, UAS-shits, in
crawling early third-instar larvae. shibire encodes Dynamin,which is essential for the recycling of synaptic vesicles,
and at the restrictive temperature (w36C) the function of
Shibirets is blocked leading, rapidly and reversibly, to almost
complete vesicle depletion and arrested synaptic transmis-
sion [18–20].We assayed larval behavior in an arena consisting
of an agar-coated Peltier device that provided a uniform,
homogeneous environment [21]. Larvae were free to crawl
over this surface.
At the restrictive temperature, control larvae (carrying
a single copy of either the transgene UAS-shits (shits/+) or the
driver lines BL (BL/+) or NC (NC/+) crawled forward. Occasion-
ally they would produce a backward wave (Figures 2B and 2C;
see also Movie S1 available online). There was no difference in
the speed of wave propagation (forward or backward) among
any of the controls that we tested (Figures 2D and 2E).
Not surprisingly, when synaptic transmission was blocked
throughout the thoracic and abdominal nervous system
(NC > shits where > means -GAL4/UAS-) or in two positive
controls where all neurons (elav > shits) (Figures 1A and 1I) or
N
um
be
r o
f f
or
w
ar
d 
w
av
es
/ m
in
0 
10 
20 
40 
50 
60 
70 
30 
NS **
ela
v >
 sh
its
ch
a7
.4 
> s
hi
ts
NC
 > 
sh
its
BL
 / +
NC
 / +
BL
 > 
sh
its
B
0.0
0.2
0.4
0.6
0.8
1.0
D
ur
at
io
n 
of
 fo
rw
ar
d 
w
av
es
 (s
)
NS
**
ela
v >
 sh
its
ch
a7
.4 
> s
hi
ts
NC
 > 
sh
its
BL
 / +
NC
 / +
BL
 > 
sh
its
D
N
um
be
r o
f b
ac
kw
ar
d 
w
av
es
/ m
in
ela
v >
 sh
its
ch
a7
.4 
> s
hi
ts
NC
 > 
sh
its
BL
 / +
NC
 / +
BL
 > 
sh
its
0 
10 
20 
40 
50 
60 
70 
30 
NS
C
NS
D
ur
at
io
n 
of
 fo
rw
ar
d 
w
av
es
 (s
)
0.0 
0.2
0.4
0.6
0.8
1.0
NS
Green light Blue light
elav >
eNpHR 
BL>
eNpHR
0 20 40 6550 0 20 40 6550 Time(s)
GF
0.0
0.5
1.0
1.5
3.0
2.5
D
ur
at
io
n 
of
 b
ac
kr
w
ar
d 
w
av
es
 (s
)
NS
sh
its
 / +
ela
v >
 sh
its
ch
a7
.4 
> s
hi
ts
NC
 > 
sh
its
BL
 / +
NC
 / +
BL
 > 
sh
its
E
0
10
20
30
40
50
70
0 10 20 30 40 50 60 N
um
be
r o
f f
or
w
ar
d 
w
av
es
/ m
in
elav >eNpHR
BL>eNpHR
Time(s)
sh
its
 / +
sh
its
 / +
sh
its
 / +
N=1
peristaltic waveA
rig
ht
le
ft
posterioranterior
0 ms
600
917
1117
350
ventral view
head
T1 T2 T3
A8/A9A1 A7A6A5A4A2 A3
A1 A2
A5A4A3
A7A6A5
wildtype OrR
500μm
60
Figure 2. Inhibiting Synaptic Activity in the Brain Lobes and SOG Does Not Affect the Propagation of Peristaltic Contraction Waves
(A) Description of a peristaltic wave. Video frames and diagrams showing a ventral view of a WT larva, OrR, at different stages during a peristaltic wave. The
arrow highlights the segments contracting as the wave progress along the abdominal segments A8/9 to A1.
(B–E) Early third-instar larvae expressing shibiretswere transferred to 36C to block synaptic transmission and their behavior was evaluated. An average of
26 animals was tested for each one of the genotypes. (B) Average number of forward waves/min (6SEM). (C) Average number of backward waves/min
(6SEM). (D) Average duration of forward waves in seconds (6SEM). (E) Average duration of backward waves (6SEM). See also Movies S1, S2, S3, and S4.
(F and G) The peristaltic crawling of larvae expressing eNpHR evaluated under blue or green light. Green light selectively activates halorhodopsin and leads
to membrane hyperpolarization. (F) Average number of forward waves/min (6SEM). (G) Average duration of forward waves (6SEM). A 10 s recovery phase
was allowed before resuming the analysis at the end of the green light pulse. One elav > eNpHR animal executed a few forward waves under green light. It is
probable that this animal was slightly bigger and that this affected the light penetration. Eight BL > eNpHR and 11 elav > eNpHR animals were evaluated. A
one-way ANOVA with a Bonferroni post hoc test was performed to compare the treatments. **p < 0.01; NS means nonsignificant. See also Figure S1 and
Movies S5 and S6.
BL refers to the driver directed to the brain lobes and SOG; NC, the driver directed to the nerve cord.
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1863all cholinergic neurons (cha > shits) were targeted, the larvae
were almost completely paralyzed (Figures 2B and 2C) with
only occasional and highly aberrant muscle contractions
(Figures 2D and 2E; Movies S2 and S3).
We now used the BL line to target the expression of shits
specifically to the brain, SOG, and descending axons. Whensynaptic transmission was blocked at the restrictive tempera-
ture, these larvae continued to crawl actively, with forward
waves of peristaltic contraction (with occasional backward
waves) (Movie S4). When we analyzed these movements in
detail, we found that there was no significant difference from
any of the controls (shits/+ and BL/+) either in the timing of
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Figure 3. The Brain Lobes and SOG Are Not Required to Sustain and Initiate Peristaltic Waves
(A) Larvae were pinned down loosely and filleted without damage to anterior and posterior segments. The CNS was exposed and the number of peristaltic
waves was quantified by observing the muscle field.
(B) Average number of forward and backward peristaltic waves (6SEM) when the CNS was intact (first 5 min) and after the ablation of the brain and SOG
(next 25 min).
(C) Time to reinitiate peristalsis after ablation of brain lobes and SOG. The transverse line represents the average time to resume peristalsis.
(D) Representative immunostaining against HRP and SCR to evaluate the precision of the surgery. The lack of SCR staining indicates that the SOG was
removed. Twenty individuals were analyzed. A one-way ANOVA with Bonferroni post hoc test comparing the data for 5, 10, and 15 min was performed.
An ANOVA for repeated measures was employed for 15 to 30 min. **p < 0.01.
Current Biology Vol 22 No 20
1864contractions or in the number of forward and backward waves
(Figures 2B–2E). We conclude that normal patterns of peri-
staltic locomotion continue in the absence of synaptic trans-
mission in the brain and SOG.
To confirm this finding, we used targeted expression of
Halorhodopsin (UAS-eNpHR) to block neuronal activity in the
brain and SOG of crawling larvae. When Halorhodopsin is
activated by exposure to light of z580 nm, Cl2 ions enter
the cell, hyperpolarizing those cells that express it [22]. This
has the advantage of blocking all transmission, chemical or
electrical, thus silencing the brain and SOG (Figure S1).
To allow for any behavioral changes that might occur in
response to the intense light (0.214 mW/mm2) necessary for
Halorhodopsin activation, we evaluated crawling behavior
under nonactivating blue light conditions at the same intensity
before comparing it to behavior under activating green light
conditions. Control larvae with panneural expression of Halor-
hodopsin (elav > eNpHR) immediately ceased to move on ex-
posure to activating light and remained paralyzed (Movie S5).
After a 10 s recovery phase under blue light, the larvae
resumed crawling and after 20 s their peristaltic movements
were indistinguishable from those before the activity block
(Figures 2F and 2G). When the same protocol was applied to
larvae carrying BL > eNpHR, the result was very different.
Shifting the light from blue to green did not produce any
change either in the number of waves (Figure 2F) or the timing
of contractions during peristaltic waves (Figure 2G; Movie S6).
On return to blue light there was an abrupt decrease in the
frequency of contraction waves, probably as a result of
rebound firing in BL neurons [23, 24] but after 10 s peristaltic
crawling resumed with the same characteristics as before.
We supplemented these experiments by using a semi-intact
preparation to investigate the effects of surgically removing
the brain and SOG on forward and backward waves of peri-
staltic muscle contractions (Figure 3A). Partially dissected
larvae with intact CNS perform forward and backward peri-
staltic contraction waves (Figure 3B). When the brain and
SOGare severed from the thoracic and abdominal neuromeres
(Figure 3D), peristaltic movement stops and is replaced by
uncoordinated segment contractions that are probably
caused by tonic activation from damaged neurons. This phase
of uncoordinated movement persists for up to 6 min, butthen coordinated contractions resume spontaneously (Fig-
ures 3B and 3C), once again indicating that activity in the brain,
the SOG, and axons descending from these areas is not
necessary to initiate or maintain the movements of peristaltic
crawling. In all cases, the number of forward and backward
peristaltic waves returned to a frequency similar to that of
animals with an intact CNS and persisted for at least a further
15 min (Figure 3B). In our preparation and unlike those re-
ported by others, even though the wave frequency decreased
as a result of the dissection, it was not necessary to use drug
application to initiate or maintain these rhythmic waves of
contractions [14].
Taking all of these findings together, we conclude that
circuitry present in the thoracic and abdominal segments of
the nervous system is sufficient to sustain well-coordinated
movements of peristaltic crawling and to permit alternations
between forward and backward waves of contraction like
those seen in controls.
Turning Behavior Does Not Require the Brain and
Subesophageal Segments of the Nervous System
The exploratory behavior of wild-type (WT) larvae consists of
straight crawls interspersedwith turns followedby a redirected
crawling trajectory. Turns are initiated by a pause at the end of
a forward wave of peristaltic contractions followed by a unilat-
eral and sequential backward contraction of the most anterior
segments, which proceeds as far as abdominal segment 4 and
has the effect of throwing the anterior of the animal into a curve
(Figure 4A; Figure S2). At this point, if a forward wave is initi-
ated posteriorly, then the crawl will proceed on the redirected
trajectory. Alternatively, the unilateral contraction on one side
may be followed by a further contraction on the opposite side,
which swings the head in the opposite direction, and theremay
be a series of such swings before the larva resumes its crawl in
a new direction. These pause turn events have been described
as decision-making points in which larvae explore olfactory or
temperature gradients and select a new direction for move-
ment [25, 26].
If pause turns are indeed decision-making points, then it is
highly likely that they would be regulated by higher centers
in the brain. However, it is not clear whether the brain itself is
required for the execution of these pause turns and their
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Figure 4. Blocking Synaptic Transmission in the BL Does Not Alter the Number and Angle of Pause Turns
(A) Description of a pause turn. Video frames and diagram showing a ventral view of aWT larva, OrR, at different stages during a pause turn. A unilateral wave
of muscle contraction moves backward from A1 to A4 on the left hand side. Segments A5 to A9 remain relaxed on both sides of the animal. See
also Figure S2.
(B–D) Crawling behavior was recorded on video and analyzed. (B) Representative crawling patterns depicted by perimeter stacks from a 2 min crawling
episode at 1 frame/s. An arrow head marks the beginning of each track, while asterisks mark pause turn events. (C) Scatter plot and average number of
pause turns/min (6SEM). Blocking activity in the BL did not affect the number of turns as confirmed by a Kruskal-Wallis and a Dunn’s Multiple Comparison
test. An average of 46 animals was tested. **p < 0.01; ***p < 0.001. (D) Polar histogram of turning angles frequency. The frequency distribution of turning
angles (a) see (A) for both controls and the BL > shitswas nonsignificantly different. A Watson’s U2 test for nonparametric two-samples test was performed:
shits /+ versus BL > shits U20.05,197,137 = 0.12; BL/+ versus BL > shi
ts U20.05,269,137 = 0.06.
(E) Scatterplot including average number of pause turns/min (6SEM). Hyperpolarizing the BL domain with Kir2.1 does not affect the number of turns. A
one-way ANOVA with a Bonferroni post hoc test was used for comparison between genotypes, *p < 0.05.
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1865integration into the behavioral routine of exploration by crawl-
ing. To investigate this, we compared the behavior of control
larvae with those where synaptic activity was blocked either
in the brain and SOG or elsewhere. Paralyzed positive
controls, elav > shits, cha > shits and NC > shits did not perform
pause turns (Figures 4B and 4C). However, when we blocked
synaptic transmission in the brain and SOG (BL > shits), there
was no significant alteration in the number of pause turns as
compared to controls (shits/+ and BL/+) (Figures 4B and 4C),
indicating that the normal exploratory program of runs inter-
spersed with pause turns operates autonomously in the
absence of input from the brain. To corroborate this finding,
we decided to silence neurons by hyperpolarizing them using
targeted misexpression of the inward rectifying K+ channel
kir2.1 [27]. To restrict the effects of this manipulation to larvalstages, we antagonized Gal4 activity with tubulin-GAL80ts
during development. Hyperpolarizing the neurons of the brain
and SOG in larvae with kir2.1 confirmed that pause turns
occurred normally even when these regions of the nervous
system were inactivated (Figure 4E). The lack of brain activity
also had no significant effect on the frequency or the angle
of turns (Figure 4D) in the homogeneous environment provided
by our test arena.
Our results suggest that (1) the neuronal control for pause
turns is located in the thoracic and abdominal segments of
the nervous system and (2) the normal integration of these
events into an exploratory locomotor program of crawls inter-
spersed with pause turns is an autonomous property of the
thoracic and abdominal nervous system that can operate
with or without input from the brain.
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Figure 5. Blocking Synaptic Transmission in the Brain and Peripheral Nervous System Does Not Preclude the Alternation between Peristalsis and Turns
(A) Representative confocal images revealing the pattern of expression of BL+sens driver line with UAS-mCD8-GFP. Left shows the immunostaining against
GFP highlights strong expression in the sensory terminals in the nerve cord. Right shows that the peripheral nervous system can be observed in the
whole animal.
(B) Average number of forward peristaltic waves/min (6SEM).
(C) Average number of backward peristaltic waves/min (6SEM).
(D) Average duration of forward peristaltic waves in s (6SEM).
(E) Average duration of backward peristaltic waves in s (6SEM). A one-way ANOVA with Bonferonni post hoc test was performed to compare the different
treatments in (B)–(E).
(F) Average number (6SEM) of pause turns performed per min. A Kruskal-Wallis test was performed followed by a Dunn’s multiple comparison. * means
p < 0.05; **p < 0.01; and ***p < 0.001. An average of 26 animals was tested for each of the genotypes.
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1866The Alternation between Crawls and Turns Is an Intrinsic
Property of the Abdominal and/or Thoracic Network for
Locomotion
It is not clear, however, whether the alternation of crawls and
pause turns is intrinsic to networks within the central nervous
system or depends on some form of sensory input. To resolve
this question, we generated a driver line BL+sens (elav-GAL4,
tsh-GAL80) that is expressed in the brain, the SOG, and all sen-
sory neurons (Figure 5A). Blocking synaptic transmission by
overexpressing Shibirets in the BL+sens pattern (BL+sens >
shits) caused crawling defects. The larvae performed signifi-
cantly fewer forward peristaltic waves (Figure 5B) and more
backward waves (Figure 5C). Forward and backward waves
were slow (Figures 5D and 5E). This phenotype is similar to
that described when transmission was blocked with UAS-shits in all sensory neurons [28]. The BL+sens > shits larvae
were able to perform pause turns, but their frequency was
reduced compared to controls (BL+sens/+ and shits/+) (Fig-
ure 5F). These results were confirmed using the line BL+sens >
kir2.1, tubulin-GAL80ts. Larvae of this genotype performed
few slowly propagating peristaltic waves, alternating with
pause turns (data not shown). In all these instances, crawling
was profoundly disturbed and the larvae barely progressed
over the substrate. Nonetheless, they still executed waves of
peristaltic contractions and alternated these with turns.
We conclude that the alternation between crawling and
pause turn events is an intrinsic property of central networks
in the thoracic and abdominal nervous system that can
operate independently of input from either the brain or the
sensory system.
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We expect that this autonomous output of the thoracic and
abdominal nervous system will be modified both by sensory
input and by descending inputs from the brain. During a food
search in a highly heterogeneous environment (unlike the
uniform environment of our test arena), the frequency and
direction of turns is likely to be modified by the integration in
the brain of olfactory and other cues with information such
as the metabolic state of the larva. To test this prediction, we
evaluated the exploratory behavior of larvae in the presence
of an attractive olfactory stimulus (the odor of yeast presented
as an inaccessible drop over the center of the agar coated
arena). Control larvae aggregate in the central area, but if
activity is blocked with Halorhodopsin in the brain (including
the olfactory lobes, Figure 6A) and SOG, the percentage of
larvae able to reach the central area of the plate, which is the
peak of the olfactory gradient, is drastically reduced (Figures
6B and 6C). This suggests that such larvae, unlike controls,
were unable to modify their exploratory locomotor routine in
response to the olfactory stimulus. It is known that when larvae
are near the source of an attractive odorant they locate it and
stay in its proximity by performing frequent turns [26]. In agree-
ment with this, we found that BL/+ and eNpHR/+ controls
showed increased numbers of pause turns on reaching the
central area of the plate (Figures 6B and 6D). No such increase
in the rate of turns as a function of the distance to the odorant
source was observed in BL > eNpHR animals with the result
that, unlike controls, they failed to aggregate in the region of
the food source (Figures 6B and 6D).
Thoracic and Abdominal Circuitry Integrates Sensory
Information and Initiates Changes in Crawling Pattern
To show whether locomotor routines can be redirected by
inputs other than those coming from the brain, we decided
to evaluate the light avoidance response induced by the
photoreceptors tiling the body wall of the larva [29] in the
absence of brain function. When high intensity light is pre-
sented to the anterior part of the animal, it induces an avoid-
ance response, which consists of an interruption to forward
crawling and either the initiation of backward movements ora turn away from the light. This switch from a forward crawl
to either a turn or a backward crawl provides us with the
opportunity to test whether circuits located in the nerve cord
have the potential to integrate sensory information and direct
a switch in motor outputs without the intervention of the brain.
We carried out our experiments on larvae where synaptic
transmission in the brain and SOG had been blocked with
shits and whose visual organs connected to the brain (the
Bolwig organs) had been genetically ablated (GMR-hid/+
background larvae, Figure 7A; [30]). When controls (GMR-hid
or BL/+ or GMR-hid; UAS-shits/+ at 36C) were exposed to a
2.2mmdiameter spot of blue light (4806 10 nm) at an intensity
of 0.905 mW/ mm2, they made an avoidance response that
removed the anterior of the larva from the light within 5 s
(Figure 7B). The avoidance response typically consisted of
backward peristaltic movements, abrupt head turns, or a
combination of the two. One GMR-hid animal produced the
stereotyped rolling defensive behavior [31]. The response of
larvae in which the activity of the brain and SOG was blocked
(BL/GMR-hid;UAS-shits) was not significantly different from
controls (Figure 7B). These larvae too moved away from the
light source by changing their forward crawling behavior to
backward crawling or turning.
We conclude that in response to a sensory stimulus such as
light, the thoracic and abdominal segments of the nervous
system are independently capable of organizing a well-coordi-
nated avoidance sequence that terminates forward crawling
and initiates an alternative motor pattern, namely a turn or a
backward crawl.
Discussion
An important initial step in understanding the relationship
between neural circuits and patterns of behavior is to pinpoint
those parts of the network that are necessary and sufficient for
the particular behavior that is being studied. For example, the
presence of spinal circuits sufficient for generating rhythmic
locomotor movements was first demonstrated using surgical
techniques to disconnect the spinal cord from both descend-
ing inputs from the brain and feedback from the periphery [32].
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it has been possible to remove brain function reversibly from
a freely moving animal and to study the effects of this manip-
ulation on patterns of behavior.
Like many other animals, Drosophila larvae use a random
walk strategy to explore their environment. This exploratory
behavior, which is already present in newly hatched larvae,
consists of forward crawls that are interrupted by pauses,
turns, and redirected forward crawls, and this enables the
larva to make a comprehensive survey of any substrate over
which it moves. The length of forward crawls and the fre-
quency of pause turns varies: for example, immediately after
hatching there is an increased frequency of turns [33], whereas
larvae that are starved perform long bouts of crawling uninter-
rupted by turns. This stratagem, known as area restricted
search, assumes an internal state sensor that regulates the
turning frequency and allows the animal to visit distant sites
when food resources become unavailable [34, 35].
In addition, the search routine is modified (by altering the
frequency and direction of turns) in response to external
cues during behaviors such as chemo- and thermotaxis [25,
26, 36]. These behavioral adjustments occur in response to
input from sense organs on the head and suggest that the
brain has an important role in modifying exploratory behaviorin response to environmental cues. Interestingly, our results
show that one component of the underlying mechanism is a
free-running behavioral program for exploration that can
operate independently of the brain and SOG. This autonomous
exploratory capacity of more posterior segments of the
nervous system is revealed when brain input is acutely
removed when the larva is freely crawling in a homogeneous
environment. Under these circumstances, exploratory crawl-
ing continues with characteristics (run lengths, pause turn
frequency) that remain unchanged. This is very different from
the behavior that has been observed in other insects whose
brains have been removed by decapitation. In the absence of
a brain, cockroaches, mantis, or adult Drosophila become
very sluggish, and although they can be stimulated to produce
short episodes of walking, they usually remain motionless
[37–39]. Similarly, in the absence of reticulospinal drive,
semirestrained zebrafish larvae cannot sustain autonomous
activity in the swimming central pattern generator for more
than a few seconds [24]. The contrasting observation in
Drosophila that the presence or absence of the brain has no
effect on the characteristics of crawling in a homogeneous
environment allows us to conclude that the fundamental struc-
ture of the exploratory crawling program is intrinsic to the
thoracic and abdominal ganglia and that the role of the brain
is to adjust the performance of this routine to prevailing envi-
ronmental conditions.
It is possible to infer the likely distribution of the underlying
circuitry within the thorax and abdomen from other aspects of
the larva’s behavior. Of the two components to the exploratory
behavior of the Drosophila larva, the crawl and the pause turn,
the pause turn can be elicited during crawling, as an avoidance
response to mechanical stimulation of anterior segments [40]
or, as our experiments show, in the absence of a brain or visual
organs as a response to input from light sensitive body wall
receptors. Thus, at any point during a crawl, a stimulus to ante-
rior segments is sufficient to elicit a pause turn. However, our
findings show that the network that generates the pause turn
operates in a time-dependent fashion during exploratory
behavior. The underlying process appears to operate autono-
mously in a homogeneous environment but is subject to
modulation by the brain in the presence of olfactory or other
cues. The nature of the time-dependent process is unknown,
but it is likely that the network that generates the pause turn
either in response to a stimulus or stochastically during explo-
ration is located in the thoracic part of the thoracic abdominal
nervous system. It is already known that these segments
behave differently from those of the abdomen during crawling
and it is these segments that initiate the movements of the
pause turn and inputs to these segments that provoke the
avoidance response to stimulation [9]. It should now be
possible to test the suggestion that circuitry for the two
elements of exploratory crawling is located in different seg-
ments of the nervous system using a similar approach to the
one described here and to investigate the time dependent
process that regulates the occurrence of a pause turn during
spontaneous crawling and how this is modulated by the de-
scending inputs from the brain during goal-directed behavior.Experimental Procedures
Exploratory Behavior Analysis
Eggswere collected fromflies kept on apple juice agar plates supplemented
with yeast paste. Third-instar larvae were washed to remove traces of food
and allowed to crawl for 2 min on a clean, dry plate. They were then
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to the plate. The behavior was tested in at least three independent repeti-
tions of the experiment. Larval locomotion was monitored as previously
described [21]. The arena consists of a 5 3 5 cm Peltier device (TE Tech-
nology, USA) coatedwith 2ml of 0.9%agarose containing 0.6%black Indian
ink. A 0–30V variable DC Power Supply Unit (PSU) (Rapid Electronics Ltd.,
UK) powered the device. During the experiment, the temperature was
monitored with a thermocouple probe attached to a multimeter (Uni-Trend
UT60-E, Uni-TrendGroup Limited, China). Larvalmovementswere recorded
with a JVC TKC1380 camera mounted on a Leica M420 microscope.
For UAS-shits experiments, larvae were grown on yeast paste at 22C
for 4 days [18] and early third-instar larvae were analyzed at 36C (temper-
atures over 34C produced paralysis in the positive controls elav > shits and
cha7.4 > shits animals).
For halorhodopsin (UAS-eNpHR-YFP) experiments, larvae were grown at
22C in yeast supplemented with 1 mM of transretinal. Locomotion of early
third-instar larvae was first recorded under blue light with an excitation filter
BP 480/40 (GFP2 Leica). For halorhodopsin activation, animals were
exposed to green light of a bandwidth 530–560 nm (DsRed filter BP 545/
30 Leica, Germany) with an intensity of 0.214 mW/mm2. The light intensity
was measured with a PM100 optical power meter attached to a sensor
S130A, 400–1,100 nm (Thorlabs Karlsfeld, Germany). Movies were recorded
with a DFC420 C digital camera on a Leica MZ16 F Fluorescence
Stereomicroscope.
For UAS-EGFP-kir2.1, tubulin-GAL80ts experiments larvae were raised at
18C until late first instar and transferred to 29C for 72 hr. Under these
conditions only 5% 6 3% of the elav-GAL4/ UAS-EGFP-kir2.1, tubulin-
GAL80ts larvae survived, guaranteeing that the level of expression of
KIR2.1 is sufficient to produce a phenotype. The size of the BL+sens-
GAL4/ UAS-EGFP-kir2.1, tubulin-GAL80ts larvae was very variable, but all
analyzed animals had reached third instar.
To analyze the number of peristaltic waves and their duration, we
captured 30 s movies at 30 frames per second. The movements of the
abdominal segments were evaluated frame by frame and quantified with
the open source software VCode 1.2.1 http://social.cs.uiuc.edu/projects/
vcode.html.
To analyze the number of turns and their angle, we used a VGA webcam
(Logitech, Logitech Europe S.A., EEU) to capture 2minmovies at a rate of 15
frames/s. Data analysis was performed using Dynamic Image Analysis Soft-
ware (DIAS) 3.4.2 (Sholl technologies, USA).
Olfactory Test
We placed 20 ml of a 20% yeast solution inside a plastic cup located in the
center of the lid of a 10 cm petri dish. One third-instar larva was placed
2.25 cm from the edge on a plate coated with 2 ml of 0.9% agarose. The
lid was closed and the larva was allowed to crawl for 5 min under green
light. We confirmed that the treatment blocked neuronal activity during
5 min with elav > eNpHR animals, which remained paralyzed. The plate
was then photographed and the length of the track and number of pause-
turns was quantified with ImageJ (National Institutes of Health).
Light Avoidance Assay
The assay was performed as previously described [29]. Early third-instar
larvae raised at 22C were transferred to a 10 cm Petri dish coated with
0.9% agarose. The plate was then transferred to the surface of a water
bath at 36C. A shutter (Sutter Instruments) triggered by an external stimu-
lator (Grass s88) delivered a 5 s pulse of a 2.2 mm in diameter spot of green
light (0.905 mW/mm2) from a mercury short arc lamp HBO 50W/AC L1
(OSRAM) at a 1153 magnification. No change in the temperature was
associated with illumination.
Supplemental Information
Supplemental Information includes two figures, Supplemental Experimental
Procedures, and six movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2012.07.048.
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